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ABSTRACT  Evidence based on numerical simulations is presented for a strong correlation between the North
Atlantic Oscillation (NAO) and the North Atlantic overturning circulation. Using an ensemble of numerical exper-
iments with a coupled ocean-atmosphere model including both natural and anthropogenic forcings, it is shown
that the weakening of the thermohaline circulation (THC) could be delayed in response to a sustained upward
trend in the NAO, which was observed over the last three decades of the twentieth century, 1970-99. Overall
warming and enhanced horizontal transports of heat from the tropics to the subpolar North Atlantic overwhelm
the NAO-induced cooling of the upper ocean layers due to enhanced fluxes of latent and sensible heat, so that the
net effect of warmed surface ocean temperatures acts to increase the vertical stability of the ocean column.
However, the strong westerly winds cause increased evaporation from the ocean surface, which leads to a
reduced fresh water flux over the western part of the North Atlantic. Horizontal poleward transport of salinity
anomalies from the tropical Atlantic is the major contributor to the increasing salinities in the sinking regions of
the North Atlantic. The effect of positive salinity anomalies on surface ocean density overrides the opposing effect
of enhanced warming of the ocean surface, which causes an increase in surface density in the Labrador Sea and
in the ocean area south of Greenland. The increased density of the upper ocean layer leads to deeper convection
in the Labrador Sea and in the western North Atlantic. With a lag of four years, the meridional overturning cir-
culation of the North Atlantic shows strengthening as it adjusts to positive density anomalies and enhanced ver-
tical mixing. During the positive NAO trend, the salinity-driven density instability in the upper ocean, due to both
increased northward ocean transports of salinity and decreased atmospheric freshwater fluxes, results in a
strengthening overturning circulation in the North Atlantic when the surface atmospheric temperature increases
by 0.3°C and the ocean surface temperature warms by 0.5° to 1°C.

RESUME  [Traduit par la rédaction] Nous présentons des preuves basées sur des simulations numériques d’une
forte corrélation entre ’oscillation nord-atlantique (ONA) et la circulation de renversement dans I’Atlantique
Nord. Au moyen d’un ensemble d’expériences numériques avec un modele couplé océan-atmosphere qui inclut a
la fois les forcages naturel et anthropique, nous montrons que l’affaiblissement de la circulation thermohaline
pourrait étre retardé par suite d’une tendance a la hausse soutenue dans I’ONA, tendance qui a été observée au
cours des trois dernieres décennies du vingtieme siecle, soit la période 1970-1999. Le réchauffement général et
I’augmentation des transports horizontaux de chaleur des tropiques vers I’Atlantique Nord subpolaire font plus
que compenser le refroidissement causé par I’ONA des couches supérieures de I’océan a cause de I’augmentation
des flux de chaleur latente et sensible, de sorte que l’effet net des températures plus élevées de la surface de
l’océan fait augmenter la stabilité verticale de la colonne océanique. Cependant, les forts vents d’ouest entrainent
une évaporation accrue a la surface de I’océan, ce qui mene a un flux d’eau douce réduit dans la partie ouest de
I’Atlantique Nord. Le transport horizontal vers le pole des anomalies de salinité a partir de I’Atlantique tropical
est le principal contributeur de I'accroissement de salinité dans les régions de plongée d’eau de I’Atlantique
Nord. L’effet des anomalies positives de salinité sur la densité de la surface océanique annule I’effet opposé du
réchauffement accru de la surface océanique, ce qui entraine un accroissement de la densité a la surface dans la
mer du Labrador et dans la région de I’océan au sud du Groenland. La densité accrue des couches supérieures
de I’océan occasionne une convection plus profonde dans la mer du Labrador et dans ’ouest de I’Atlantique
Nord. Avec un retard de quatre ans, la circulation de renversement méridienne dans I’Atlantique Nord se renforce
en réponse aux anomalies de densité positives et au mélange vertical accru. Durant la tendance positive de
I’ONA, !instabilité de densité (liée a la salinité) dans la couche supérieure de I’océan, qui résulte a la fois de
I’augmentation des transports océaniques de salinité vers le nord et de la diminution des flux d’eau douce
atmosphériques, entraine un renforcement de la circulation de retournement dans I’Atlantique Nord quand la
température atmosphérique a la surface augmente de 0,3 °C et que la température de surface de I’océan s’éléve
de 0,5 a 1,0 °C.
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1 Introduction

A significant fraction of climate variability in the North
Atlantic is strongly influenced by fluctuations in the strength
of the Icelandic low and the Azores high atmospheric pres-
sure centres, which are referred to as the North Atlantic
Oxcillation (NAO) (Hurrell, 1995; Hurrell and van Loon,
1997; Thompson et a., 2000). The NAO, derived from obser-
vational records, has shown atrend towards the positive phase
of the oscillation since the early 1970s with warmer northern
hemisphere land temperatures (Hurrell, 1996). The positive
phase of the NAO reflects enhanced mid-latitude westerlies,
which in turn influence the intensities of atmosphere-ocean
exchanges of heat, fresh water and momentum (Cayan,
1992a, 1992b; Hurrell, 1996; Visbeck et al., 1998). Since the
ocean circulation is wind and buoyancy driven, the atmos-
pheric circulation, the NAO in particular, may influence the
vertical density structure of the ocean water column, whichin
turn leads to an alteration of the ocean thermohaline circula-
tion (Timmermann et al., 1998; Delworth and Dixon, 2000;
Latif et al., 2000).

Although some studies (Shindell et a., 1999; Fyfe et a.,
1999; Hu and Wu, 2004) assert that the upward trend of the
NAO is a result of increasing greenhouse gases, other
research shows that the trend in the NAO can be explained by
a combination of internal variability and greenhouse forcing
(Oshorn et al., 1999; Osborn, 2004). Osborn (2004) shows
that other external climate forcings may have contributed to
the observed NAO variability. Furthermore, it isimportant to
assess the effect of the NAO trend on other components of the
climate system, in particular on the North Atlantic thermoha-
line circulation (THC). Although most of the coupled climate
models predict a weakened THC with warming conditions
(Manabe and Stouffer, 1999; Rahmstorf and Ganopolski,
1999; Russell and Rind, 1999; Wood et a., 1999; Hu et d.,
2004), there are some coupled models that show little
response of the Atlantic THC to increased CO, (Latif et al.,
2000; Gent, 2001; Sun and Bleck, 2001). The ocean surface
warming is responsible for most of the THC weakening, and
the enhanced poleward transport of moisture, reflected in
increased precipitation and river run-off, also contribute to
stabilizing the ocean stratification and reducing the formation
of North Atlantic Deep Water (NADW).

The enhanced winds during the positive NAO phase cause
heat loss from the ocean surface, which leads to cooling and
increases the density of the upper ocean. This strong cooling
inthe North Atlantic surface ocean tends to cancel out at least
part of the effect of the reduced surface densities from previ-
ously described warming. It has been noted in earlier studies
that, on interannual timescales, surface ocean temperature and
salinity anomalies develop directly in response to NAO air-
sea heat and moisture flux anomalies (Bjerknes, 1964; Cayan,
19923, 1992b; Deser and Blackmon, 1993; Kushnir, 1994;
Walter and Graf, 2002). On longer timescales of several
decades, surface ocean temperature and salinity anomalies are
primarily driven by changesin meridional ocean transports of
heat and salt (Halliwell, 1998; Wu and Gordon, 2002).

The intensified air-sea moisture exchanges in the North
Atlantic cause an enhancement of both precipitation and
evaporation, associated with an overall increase in green-
house gas warming during the last few decades of the
twentieth century and strengthening of the westerly winds

over the subpolar North Atlantic during the upward NAO
trend. While freshening from increased precipitation and river
run-off reduces the surface salinity, intensified evaporation
causes an increase in salinity. These two opposing effects on
salinity can lead to either stable vertical stratification of the
ocean column or unstable vertical stratification and an
increase in vertical mixing and convection. In addition to this,
horizontal poleward transports of salinity are a contributing
factor in compensating for the reduced salinity due to
increased precipitation and river run-off. Some climate mod-
els (Timmermann et al., 1998; L atif et a., 2000) predict a sta-
ble North Atlantic THC due to the increasing salinities of the
ocean masses flowing from the tropics toward the regions of
strong mixing and convection.

This paper examines the effect of the upward trend in the
NAO on the North Atlantic climate and, in particular, on the
North Atlantic THC during the last three decades of the twen-
tieth century, 1970-99. We explore opposing effects on the
surface ocean density and the stability of the ocean columnin
the North Atlantic. Our attention will be focused on the
physical mechanisms that lead to an increase in mixing and
convection in the sinking regions of the North Atlantic and
also influence the stability of the meridional overturning
circulation.

2 Model description

We use the National Aeronautics and Space Administration
(NASA) Goddard Institute for Space Studies (GISS) Genera
Circulation Model (GCM) version 111 (Schmidt et a., 2006)
with 4 by 5 degree horizontal resolution and 20 vertical lay-
ers, with the model top at 0.1 hPa. The basic physics of the
model is similar to that used in the climate studies of Hansen
et al. (2002) but includes some improvements as reported in
Schmidt et al. (2006). The ocean model is a dynamic ocean
model with the same horizontal resolution, and it has 13 ver-
tical levels with the finer resolution at the top 100 m. The
ocean model includes the K-profile parametrization (KPP) for
vertical mixing (Large et a., 1994) and the Gent-McWilliams
parametrization for mixing associated with mesoscale eddies
(Gent and McWilliams 1990). The sea-ice model includes
both the dynamics and thermodynamics of ice cover in the
Arctic and Southern oceans. The application of the same hor-
izontal resolution for the ocean model as for the atmospheric
model makes the coupled climate model very efficient for
long experiments with different forcings.

The atmospheric and oceanic models are coupled by the
fluxes of heat, fresh water and wind stress. These fluxes, cal-
culated in the atmospheric model, are applied as forcings to
the ocean model. The sea surface temperature (SST) and sea
ice cover are used as the lower boundary conditions for the
atmospheric model. For ice-covered ocean grid points, the
surface temperature of the seaice is calculated in the atmos-
pheric model from the balance of the longwave and short-
wave radiation fluxes, sensible and latent heat fluxes and the
conductive heat flux through the sea ice. We employ no flux
correction in the heat, freshwater and momentum exchanges
between the atmosphere and ocean to simulate a realistic cli-
mate.

The control experiment for the 1880 atmospheric composi-
tion has a drift of 0.06°C per century and indicates a global
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Fig. 1  Unsmoothed simulated ensemble-mean DJFM seasonally averaged NAO indices from the 5-run mean SLP anomalies. The pressure anomalies for each
ensemble run are calculated as the pressure deviation from the respective DJFM mean pressures of the control experiment. The pressure anomalies are
normalized by division of each run DJFM mean pressure by the long-term standard deviation of the control experiment. Linear trends for 1940-69 and

197099 are indicated by red lines.

mean surface air temperature of about 14°C at modelled year
1000. The model climate sensitivity for doubled CO, is
approximately 2.7°C, which is within the range 3°+1°C for
doubled CO, inferred from paleoclimate evidence (Hansen et
al.,, 1984, 1993). An ensemble of five simulations driven by
increasing well-mixed greenhouse gases, solar irradiance,
stratospheric water vapour derived from methane oxidation,
tropospheric and stratospheric ozone, volcanic aerosols,
changes in land use, and snow/ice abedo change proportion-
al to the local soot deposition (Hansen et a., 2005) was per-
formed beginning in 1880 and continuing until the end of
2002. Also included are tropospheric aerosols (sulphates,
organic carbon and black carbon, sea-salt, dust and nitrates)
and parametrized forms of the indirect effects of aerosols on
clouds as described in Hansen et al. (2005). All runs of this
ensemble used initial conditions at intervals of 25 years of the
control experiment. This takesinto account the unforced vari-
ability of the model. The control run is integrated with con-
stant forcing corresponding to the year 1880. Here we focus
on the time period 1970-99, when the NA QO index exhibitsthe
upward trend.

3 Results

a Sea Level Pressure and the NAO Index

Monthly mean sea level pressure (SLP) fields, averaged from
December to March (DJFM), were taken from the averaged
data of the 5-run ensemble. For our analysis, the NAO index
is defined as the difference between the normalized DJFM-
mean SLP anomalies at two stations near the subtropical high
and the Icelandic low, respectively. The pressure anomalies
for each ensemble run are cal culated as the pressure deviation
from the respective DJFM mean pressure of the control
experiment. The pressure anomalies are normalized by divi-
sion of each run DJFM mean pressure by the long-term stan-
dard deviation of the control experiment. The DJFM means of
SLP are used for the NAO index calculations because, fol-
lowing Hurrell (1995) and Hurrell and van Loon (1997), the
polarity and strength of the NAO are most pronounced during
this season.

It has been noted from SLP observations since the begin-
ning of the nineteenth century that the variability of the NAO
index has not been uniform (Jones et al., 1997; Walter and
Graff, 2002; Ostermeier and Wallace, 2003). Figure 1 shows
the unsmoothed time series of the NAO indices from the 5-
run mean SLP anomalies, which exhibits a negative trend in
the NAO index from the 1940s to the 1960s and a positive
trend in the NAO index over the last three decades of the
twentieth century. Our experiments with natural and anthro-
pogenic forcing show that the NAO index is characterized by
more positive values since the early 1970s and shows higher
year-to-year variability compared to the previous 30-year
period (Fig. 1).

Our model reproduces a pronounced reduction in pressure
over high polar latitudes for the last three decades, which was
first noted in the Arctic SLP datafrom the Arctic Ocean Buoy
Program and has been observed every year since 1988 (Walsh
et al., 1996). In the middle latitudes the modelled SLP
increases, contributing to the strengthened meridional pres-
sure gradient and increased NAO index. The smulated SLP
for the period 1970-99 is positively correlated with the NAO
index over the middle | atitudes of the North Atlantic and neg-
atively correlated with the index over the Icelandic low and
polar latitudes. This correlation pattern has been considered
typical for a positive NAO phase since the 1970s (Hurrell,
1995; Thompson and Wallace, 1998; Thompson and Wallace,
2001).

b Surface Air Temperature and Atmospheric Circulation

The experiments with natural and anthropogenic forcings
show that the surface air temperature (SAT) trends for
197099 are dominated by warming with the strongest area
occurring over high latitudes. Under warming conditions, the
large-scale pattern of SAT variability issimilar to that accom-
panying the NAO; DJFM SAT is positively correlated with
the NAO index over most of Europe and Scandinavia, the
south-east United States, the subtropical Atlantic and the cen-
tral Arctic while the surface temperature is negatively corre-
lated over Greenland, the Labrador Sea and northern Africa
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Fig. 2  Correlation map between the simulated ensemble-mean DJFM NAO index and (&) the smulated ensemble-mean DJFM surface air temperature; (b) the
simulated ensemble-mean DJFM zona component of surface wind; (c) the simulated ensemble-mean DJFM precipitation; and (d) the simulated

ensemble-mean DJFM evaporation for the period 1970-99.

(Fig. 28). These SAT and NAO correlations are consistent
with advection by the large-scale atmospheric flow confirmed
by observational data (van Loon and Rogers, 1978; Rogers
and van Loon, 1979; Thompson et a., 2000).

The simulated surface wind trends for the 1970-99 winter
season indicate an intensification of warm westerly flow
across the Atlantic into Europe, a cold north-westerly flow
from the central Arctic Ocean over the Labrador Sea, and a
cold north-easterly flow over the Mediterranean region. This
circulation pattern during the strong Icelandic low phase is
reflected in the correlation between the NAO index and the
zonal component of the surfacewind (Fig. 2b); the zonal wind
has a strong positive correlation with the NAO index to the
south of the low pressure centre across the North Atlantic
between 45°N and 65°N and has a negative correlation in the
lower mid-latitudes between 20°N and 40°N (Fig. 2b).

The simulated NAO-related enhanced westerly flow across
the North Atlantic brings warm, moist air over the northern
part of Russia and Scandinavia, which results in increased
precipitation over those areas. At the same time, drier-than-
normal conditions are reproduced over southern Europe, the
Mediterranean and the Middle East. The strengthened north-
westerly winds lead to increased evaporation over the
Labrador Seaand over the area south of Greenland, so that the
modelled precipitation minus evaporation (P - E) shows
enhanced evaporation over the Labrador Sea as well as over
the western and subtropical Atlantic during high NAO index
years. At the same time, the enhanced moisture convergence

was reproduced from Iceland to Scandinavia. These moisture
transport conditions are clearly ssmulated during the winter
season but they can also be seen in the annual mean (P — E)
(not shown).

The correlation between precipitation and the NAO index
is positive over high polar latitudes including the northern
part of Scandinavia as well as over the area of the Icelandic
low, which corresponds to the increased moisture conver-
gence during high NAO index years (Fig. 2¢). The areas of
negative correlation between precipitation and NAO index
include central and southern Europe and the subtropical
Atlantic with the strongest correlations reaching -0.6 over the
subtropical high pressure centre. The model reproduces the
NAO and precipitation correlation pattern quite well and is
consistent with observational evidence (Hurrell and van
Loon, 1997; Hurrell, 1995, 1996). From our model output, the
positive correlation between evaporation and the NAQO index
(Fig. 2d) over the Labrador Sea and over the area south of
Greenland coincides with the same area of positive correla
tion between the NAO index and the surface zonal wind com-
ponent, while over the subtropical western Atlantic both the
evaporation and zonal wind are negatively correlated with the
NAO index (Figs 2b and 2d).

¢ The NAO and the Atlantic Thermohaline Circulation

The positive NAO trend during 1970-99 communicates with
the Atlantic Ocean climatic variables through precipitation,
evaporation, wind forcing and atmospheric heating and
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Fig. 3 Time series of the unsmoothed simulated annual ensemble-mean maximum of meridiona overturning in the North Atlantic. Units are Sverdrups
(108 m3 1), Linear trends for 1940-69 and 1970-99 are indicated by red lines.

cooling processes leading to changes in near-surface density
in the subpolar regions of the North Atlantic. Observational
analyses have documented that the surface air temperature
warming is a response to increasing greenhouse gases. It is
believed that the positive NAO trend during 197099 is not
primarily forced by greenhouse gases. One possible confir-
mation for this might be the fact that during six of thelast nine
years, the Arctic Oscillation (AO) (the NAO isthe local man-
ifestation of the hemisphere-like AO phenomena, confined to
the troposphere) has been either neutral or negative while at
the same time an unprecedented temperature increase over the
globe and over high latitude regions has been reported
(Overland and Wang, 2005).

In our model with natural and anthropogenic forcings
included, the global-mean surface air temperature increased
by 0.53°C from 1880 to 1999, and a warming of 0.3°C
occurred during the last three decades of the twentieth centu-
ry. Thisoverall warming is also reflected in ageneral increase
in SST of 0.5°-1°C in the North Atlantic. In our transient
warming simulations, the North Atlantic THC remains stable
with a small decrease during 1940-69 and a slight increase
during 1970-99 (Fig. 3). Since many climate modelsindicate
aweakening of the THC in the North Atlantic in response to
increased freshening and warming in this region (Manabe and
Stouffer, 1999; Rahmstorf and Ganopolski, 1999; Russell and
Rind, 1999; Wood et a., 1999; Hu et al., 2004), it would be
of particular interest to look at the simulated interactions
between the atmosphere and ocean and at the processes
responsible for the stabilization of the THC in our model.

1 NAO AND OCEAN TEMPERATURE VARIABILITY

The well-known tripole structure for the interannual variabil-
ity of surface ocean temperature in the North Atlantic
(Wallace et a., 1990; Zorita et al., 1992; Grotzner et al.,
1998) is reproduced in our experiment using both natural and
anthropogenic forcing and presented as a correlation map
between SST and the NAO index for the period 1970-99
(Fig. 4). From Fig. 4 it is seen that SST is negatively corre-
lated with the NAO index in the area south-east of Greenland
and in Baffin Bay and the Labrador Sea, aswell asin the sub-
tropics between 10°N and 25°N. Between these two centres

of negative correlation, the simulated SST in the region of the
subtropical gyre is positively correlated with the NAO index.
The centre of thisareaislocated in the western North Atlantic
between 25°N and 45°N. The negative correlation between
the surface temperature and the NAO index in the northern
areas of the Atlantic and the Labrador Sea shows that the sur-
face fluxes during the positive NAO tend to support cooling
in the sinking regions of the North Atlantic.

The tripole pattern of SST and NAO index correlation is
exhibited most clearly in our model when SST lags the NAO
index by one year, and when SST is taken as an annual mean
instead of the winter season average (Fig. 4). Thislag reflects
the ocean “memory” since the ocean accumulates the atmos-
pheric forcing over time as the integration of local atmos-
phere-ocean heat and freshwater flux interactions. This
lagged correlation between the NAO index and SST al so sug-
gests that the North Atlantic SST variability is not simply a
response to low-frequency variationsin the NAO. The advec-
tive-diffusive processes in the ocean influence the upper
ocean temperature and salinity through propagation of ther-
mal and saline anomalies from the subtropics to the subpolar
regions in the North Atlantic. The advection of temperature
and salinity anomalies from the tropics can either exaggerate
or diminish the NAO influence on surface temperature and
sdinity in the North Atlantic, which will be shown later.

The ocean delay of the NAO index by oneto two years was
also noticed in the analysis of observationa datafor the inten-
sity of the North Atlantic gyre circulation (Curry and
McCartney, 2001) and it was shown that the ocean integrates
both local and remote atmospheric NAO forcing over time
along Lagrangian pathways.

Figure 5 shows the time series of unsmoothed simulated
annual ensemble-mean SST, net heat flux at the atmosphere-
ocean interface, and north-south heat transport of the upper
12 m ocean layer averaged over the area between 46°N and
58°N and 40°W and 55°W. (This area is marked on the cor-
relation map, Fig. 4.) We chose this areafor qualitative analy-
sis of both temperature and salinity variability for 1970-99
because the largest convection and mixed layer depth changes
occurred in this area of the North Atlantic in our model. As
was mentioned before, the North Atlantic SST warmed by
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0.5°—1°C over the last three decades. The SST over the area
between 46°N and 58°N and 40°W and 55°W increased by
0.9°C from 1970 to 1999 (Fig. 5a).

Due to enhanced westerly winds over the North Atlantic
between 45°N and 65°N for the period 1970-99 (Fig. 2b),
evaporation greatly increased during the years with a strong
Icelandic low phase (Fig. 2d), which caused ocean cooling
from the enhanced latent heat flux as well as from the
enhanced sensible heat flux from the ocean due to overall
ocean warming. (Latent and sensible fluxes are considered to
be negative in our model for heat loss from the ocean to the
atmosphere.) Both the latent and sensible heat fluxes are neg-
atively correlated with the NAO index over the Labrador Sea
and over the area south of Greenland (not shown), which
removes heat from the ocean.

Over the area between 46°N and 58°N and 40°W and
55°W, the net heat flux at the atmosphere-ocean interface
(Fig. 5b) is negative indicating heat loss from the ocean.
Although both evaporative and direct thermal ocean cooling
increase during the period of the positive NAO trend, thisis
not enough to cause the decrease in SST in the North Atlantic.
During the positive phase of the NAO, an increased north-
ward heat transport (Fig. 5¢) from the subtropical Atlantic
plays the major role in the generation of a positive SST trend
in the northern North Atlantic. It contributes about 98% to the
first ocean layer temperature balance estimated over the area
between 46°N and 58°N and 40°W and 55°W. Our model
shows an enhancement of the Gulf Stream transport by 5%
during 1970-99. The enhanced horizontal Gulf Stream trans-
ports act to compensate for thelocal SST cooling through sur-
face heat fluxes that account for about 2% in the first ocean
layer temperature balance.

The interannual, decadal and longer SST variability was
first studied by Bjerknes (1964). He suggested that year-to-
year SST fluctuations arise from heat fluxes at the atmos-
phere-ocean interface; on longer timescales, the changes in
the ocean circulation play a primary role in SST variability.
The conclusions of Bjerknes (1964) were confirmed by many
later studies (Cayan, 1992a, 1992b; Deser and Blackmon,
1993; Kushnir, 1994; Halliwell, 1998; Walter and Graf, 2002;
Wu and Gordon, 2002).

2 THE NAO AND OCEAN SALINITY VARIABILITY
Although both precipitation and evaporation are positively
correlated with the NAO index (Figs 2c and 2d) and they
increased in the area south of Greenland and over the
Labrador Sea, thetotal freshwater flux has decreased over the
same area, as well as over the sub-tropical Atlantic Ocean.
During the positive phase of the NAO index, anomalously
strong westerlies centred near 55°N and anomal ous easterlies
at about 35°N (Fig. 2b) tend to increase evaporation from the
ocean surface (Fig. 2d), thereby contributing to the increase
in salinity of the upper ocean. In the area of strong ocean con-
vection, as well as in the tropical and subtropical Atlantic
Ocean, the evaporation overwhelms the precipitation,
resulting in an amplification of the positive surface salinity
anomaly. As aresult of this, unlike the surface ocean temper-
ature, the sea surface salinity is positively correlated with the
NAO index in the northern North Atlantic, as well asin the
subtropical and tropical Atlantic Ocean (not shown).

Figure 6 shows the time series of unsmoothed simulated
annual ensemble-mean sea surface salinity (SSS), total fresh-
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Fig.4 Correlation map between the smulated ensemble-mean DJFM
NAO index and the simulated annual ensemble-mean sea surface
temperature for the period 1970-99. The SST lags the NAO index
by one year.

water flux from the atmosphere to the ocean, and north-south
salt transport in the upper 12 m ocean layer averaged over the
area between 46°N and 58°N and 40°W and 55°W (this area
is marked on the correlation map, Fig. 4). Surface sdlinity in
this area increased by 0.17 psu from 1970 to 1999 (Fig. 6a).
The reduced freshwater supply from the atmosphere to the
ocean (Fig. 6b) favours the generation of a positive salinity
anomaly in the area of maximum ocean mixing.

The enhanced evaporation over the western tropical
Atlantic resulted in a reduced freshwater flux and increased
salinities in the area of the Gulf Stream, which is the major
transport mechanism from the tropics to the high latitudes in
the Atlantic Ocean. The enhanced horizontal Gulf Stream
transport acts as an essential poleward transport of the salt
anomaly (Fig. 6¢) from the subtropics and contributes to
increasing surface salinity in the North Atlantic area of
enhanced winter convection.

Although both anomal ous atmospheric freshwater flux and
increased ocean advection of more saline waters into the area
between 46°N and 58°N and 40°W and 55°W act in the same
direction, increasing the SSS anomaly, the horizontal trans-
ports of salt from the subtropics play the mgjor role in the
salinity change, contributing about 97% to the surface salini-
ty budget in this area. The reduced freshwater flux is of minor
importance in our model adding only 3% to the SSS budget.
Since the sdlinity isincreasing in the area south of Greenland,
the freshening effect of melting ice is overwhelmed by the
increase in salinity due to increased salt transport from the
south and the reduced freshwater flux at the ocean surface.
So, the melting of sea ice due to overall warming plays a
rather passive role in the area of active deep water formation,
and its effect on the meridional overturning circulation is of
lesser importance for the period 1970-99.

The observed small decrease in freshwater inflow over the
Norwegian and Greenland seas and over the North Atlantic
subpolar basins during 19962001 is reported by Peterson et
a. (2006) and is based on an analysis of cumulative freshwa-
ter input anomalies from net precipitation, river discharge, net
attrition of glaciers, and the Arctic Ocean sea-ice melt and
export. The relatively small net freshwater decrease is
explained by the fact that the subtropical saline inflows have
dightly exceeded the Arctic freshwater outflows since 1995.

ATMOSPHERE-OCEAN 45 (2) 2007, 81-92  doi:10.3137/a0.450202
La Société canadienne de météorologie et d’ océanographie



The North Atlantic Thermohaline Circulation for 1970-99 in the GISS Model / 87

(a) Sea Surface Temperature

14.0

SST (°C)

13.2

13.0

1970 1975 1980

1985 1990 1995 2000

(b) Surface Heat Flux

%)
[l 1
=) (=)
N <
T T

&
(=]
T

9
=)}
T

1970 1975 1980

1985 1990 1995 2000

(c) North-South Heat Transport

3.2 T T

Heat transport (1012 W)
== N NN
N =) [—] = =]

=
®
T

0.4

1970 1975 1980

1985 1990 1995 2000

Fig.5 Time series of unsmoothed simulated annual ensemble-mean SST, net heat flux at the atmosphere-ocean interface, and north-south heat transport of the
upper 12-m ocean layer. All quantities are averaged over the area between 46°N and 58°N and 40°W and 55°W. Units for SST are °C; for net heat flux
are W mr2; for north-south heat transport are 1012 W. Linear trends for 1970-99 are indicated by red lines.

3 OCEAN CONVECTION AND THERMOHALINE CIRCULATION
VARIABILITY

The density in the deep water formation regions is the key
factor affecting the fluctuations in the intensity of the merid-
ional overturning circulation. Density anomalies are partly
associated with salinity and partly associated with tempera-
ture anomalies. In the area south of Greenland and the
Labrador Sea, the positive upper ocean density anomaly (Fig.
7a) is mainly determined by anomalously salty conditions
while contributions from increasing ocean temperatures are
opposite in sign. The surface salinity increase overrides the

counteracting enhanced warming in the high latitudes of the
North Atlantic and plays a major role in the increase in sur-
face density in the Labrador Sea and the ocean area south of
Greenland, so that surface density is salinity driven in our
model. The fact that the density anomaly and salinity anom-
aly are in phase and that density is determined by salinity is
reflected in the strong correlation coefficient of 0.86 between
density and salinity anomalies over the ocean area south of
Greenland.

The increased surface density caused strengthening of the
winter convection and deepening of the mixed layer depth in
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Fig. 6  Time series of unsmoothed simulated annual ensemble-mean SSS, freshwater flux, and north-south salt transport of the upper 12-m ocean layer. All
quantities are averaged over the area between 46°N and 58°N and 40°W and 55°W. Units for SSS are practical salinity units (psu); for freshwater flux
are mm d%; for north-south salt transport are 106 kg s1. Linear trends for 1970-99 are indicated by red lines.

the Labrador Sea and in the western North Atlantic (Fig. 7b).
In the winter months, the modelled mixed layer depth is of
order 1000 m in the North Atlantic, with the mixed layer
depth being about 1500 m in a few places. In the Labrador
Sea, the mixed layer depth becomes 100-150 m deeper dur-
ing the winters of 1970-99, and the large area in the western
North Atlantic becomes deeper by 50-75 m.

Our model results are consistent with observational datain
the North Atlantic (Dickson et al., 1996) showing that the
changing phase of the NAO is strongly connected with

changes in convective activity in the northern areas of the
Atlantic Ocean. In particular, the Labrador Sea convection is
intense during the positive NAO phase, and it becomes
increasingly suppressed in response to weakening westerly
winds and the withdrawal of winter storm activity in the
North Atlantic during low NAO index values.

The density change in the convection region leads the
ateration of the meridional overturning circulation by severa
years suggesting that the upper ocean density anomalies pre-
condition the stahility of the ocean column and contribute to
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the change in the intensity of the convection. Our model
shows that the maximum correlation between the upper ocean
density in the strong-mixing region and the meridional over-
turning circulation is equal to 0.56, and it is reached when the
upper ocean density leads the meridional overturning circula-
tion by four years.

The enhanced convection brings warmer water masses
from lower layers to the surface, providing further heat loss
from the ocean surface. This mechanism acts to damp the
warm SST anomalies in the sinking area of the North
Atlantic. The destabilization of the water column in the sink-
ing area and the strength of the meridional overturning circu-
lation in the North Atlantic are explained mainly by salinity
anomalies over alarge area of the western North Atlantic and
the Labrador Sea, since the ocean densities in the cold sub-
polar regions are mainly determined by salinity.

The eastern part of the North Atlantic experiences an
increased freshwater flux that, in conjunction with surface
ocean warming, enhances the stability of the ocean column
and leads to shallower convection in the winter (Fig. 7b). The
contribution of reduced convection in the eastern North
Atlantic to the overturning circulation is small, so it does not
affect the increased meridional overturning circulation during
the period 1970-99 (Fig. 3).

During the period of the positive trend of the NAO index,
increased evaporation due to strong westerlies and increased
horizontal transports of salt due to the strengthening of the
Gulf Stream were the major contributorsin creating the posi-
tive upper ocean density anomalies. This leads directly to an
instability of the ocean column and causes an enhancement of
deep water formation in areas south of Greenland. Thisin turn
causes an intensification of the meridional overturning circu-
lation. In our transient simulation with natural and anthro-
pogenic forcing, the North Atlantic THC shows an increasein
its intensity of approximately 2.5% during the positive phase
of the NAQO index.

The regression of surface heat flux versus the time series of
the THC (not shown) exhibits a dominant pattern of heat flux
variations associated with THC variability in our model
which is quite similar to the pattern of heat flux anomalies
associated with the NAO. The area south of Greenland, where
the strong westerlies dominate during the positive NAO

4
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phase, and the subtropical area with strong easterlies are
regions in the North Atlantic with heat loss. The regions off-
shore of the United States and in the north-eastern North
Atlantic near Great Britain and Scandinavia are areas with
positive surface heat flux anomalies. This heat flux regression
versus THC from our model is consistent with modelling
results from Delworth and Greatbatch (2000) and with the
analysis of observational data by Cayan (1992a, 1992b).

4 Summary

Results of climate modelling with natural and anthropogenic
forcings show that the intensity of the North Atlantic merid-
ional circulation is closely connected with the atmospheric
NAO. It is now believed that the positive trend of the NAO
during the period 197099 is a manifestation of the internal
variability of the coupled ocean-atmosphere system because
the observational SLP data indicate either neutral or negative
valuesfor the NAO index starting in the late 1990s to the pre-
sent (Cohen and Barlow, 2005). However, it is hypothesized
that greenhouse gas forcing may be a contributing factor to
the recent strengthening of the polar vortex and enhanced
warming over high northern latitudes (Hurrell, 1996;
Thompson et al., 2000).

Many climate models produce weakening of the North
Atlantic THC in response to anthropogenic greenhouse
warming (Manabe and Stouffer, 1999; Rahmstorf and
Ganopolski, 1999; Russell and Rind, 1999; Wood et al., 1999;
Hu et a., 2004), though the reduction is uncertain and model-
variablein magnitude (Rahmstorf, 1999; Gregory et a., 2005;
Schmittner et al., 2005).

Degpite the global warming of 0.3°C and an overall
increase in surface ocean temperature of 0.5°-1°C for the
period 1970-99, our model experiments with both natural and
anthropogenic forcings shows a stable THC in the North
Atlantic. The meridional overturning circulation exhibits
some strengthening during these three decades, which is in
phase with the positive trend of the NAO index during this
period. The positive trend of the NAO index resulted from a
strengthened meridional pressure gradient due to decreased
pressure over high polar latitudes and increased pressure over
middle latitudes. Model experiments for the period 1970-99
reproduce SLP patterns consistent with observational data of
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Arctic SLP (Walsh et al., 1996; Thompson and Wallace,
1998). Simulated regional surface air temperature and precip-
itation patterns are in agreement with large-scal e patterns typ-
ical for the positive NAO trend (Hurrell, 1995; Thompson and
Wallace, 2001).

Previoudly reported analyses of the North Atlantic SST
(Cayan, 1992a, 1992b; Deser and Blackmon, 1993; Kushnir,
1994; Dickson et al., 1996; Grotzner et al., 1998; Delworth
and Greatbatch, 2000; Curry and McCartney, 2001; Walter
and Graf, 2002; Brauch and Gerdes, 2005) have shown that
on interannual timescales the ocean surface over the North
Atlantic is strongly influenced by the NAQO, especially in the
winter. In fact, the ocean surface temperature and salinity
anomalies develop as a time-integrated response to persistent
NAO air-sea heat and freshwater flux anomalies. However,
on interdecadal timescales the ocean circulation may play a
role in changing the thermohaline ocean structure (Deser and
Blackmon, 1993; Kushnir, 1994).

The simulated tripole pattern of correlation between the
SST and the NAO index is an oceanic response to atmos-
pheric forcing associated with the NAO; it exhibits high heat
lossin the subpolar North Atlantic and alarge heat gainin the
subtropical western North Atlantic during the positive phase
of the NAO. The enhanced cold and dry westerly winds
reproduced during the period of the positive NAO trend tend
to extract more heat through anomaloudly large fluxes of sen-
sible and latent heat. However, cooling of the upper ocean
due to stronger westerly winds is overcompensated by the
increased northward heat transport due to the enhanced Gulf
Stream that contributes to the generation of the positive tem-
perature anomalies. These warmed temperatures of the upper
ocean layers act to increase the stability of the water column
and suppress convection in the North Atlantic.

During the positive NAO trend, the increased evaporation
due to strong westerly winds overwhelms the increased pre-
cipitation due to enhanced atmospheric moisture transport to
the high latitudes under warming conditions, which leadsto a
reduced freshwater flux in the western part of the North
Atlantic and as a result to the positive salinity anomalies of
the upper ocean layer. The evaporation and salinity anomalies
in the model’s main sinking region south of Greenland vary
in phase, so that during the upward NAO trend the atmos-
phere acts to amplify the positive salinity anomaly.

In addition to local subpolar NAO-coordinated influences
of air-sea buoyancy fluxes to the upper ocean density, hori-
zontal transport of salinity plays an important role in chang-
ing the stability of the ocean column. Our model reproduces
anomalously high salinities in the western tropical Atlantic
due to reduced freshwater fluxes under warming conditions.
Strengthened northward currents south of Greenland promote
further salinity import to the northern and north-western
Atlantic. In fact, in our transient experiment with natural and

anthropogenic forcing, the high salinity anomaly transport
from the tropics to high latitudes plays the major role in
increased salinity of the upper ocean layer in the North
Atlantic, and reduced atmospheric freshwater flux further
favours the generation of positive salinity anomalies.

Since the density increased in the area south of Greenland,
we conclude that salinity dominates the evolution of density
anomalies in the sinking regions in our simulation. Earlier
modelling studies on the interdecadal variations of the THC in
the North Atlantic (Delworth et a., 1993; Timmermann et d.,
1998) demonstrated that near-surface density anomalies are
strongly influenced by salinity anomalies north of approxi-
mately 55°N.

The salinity anomalies accumulate in the region south of
Greenland until the density anomalies indicate that vertical
stratification of the ocean column has become unstable which
favours the initiation of deep convection. With a lag of four
years, the meridional overturning circulation responds to the
upper ocean density instability and enhanced convection and
shows a strengthening of its cell in the North Atlantic. The
increased northward transports of heat and salt through the
enhanced Gulf Stream is part of the strengthened meridional
circulation cell of the North Atlantic. The enhanced overturn-
ing circulation and increased horizontal transports are strong-
ly supported by the reduced atmospheric freshwater fluxes
during the positive NAO phase.

Our transient experiments with natural and anthropogenic
forcing show that the ocean response to anomalous atmos-
pheric conditions associated with the positive NAO trend
over the last three decades of the twentieth century is a delay
in THC weakening. However, a decreasing trend in the NAO
index in the future could cause the acceleration of greenhouse
gas induced weakening of the THC. Greenhouse-gas warm-
ing experiments with artificially induced trends of the AO-
related surface fluxes (Delworth and Dixon, 2000) confirm
thisinterpretation. In the experiments conducted by Delworth
and Dixon (2000), the THC holds steady for about a decade
and then declinesin the twenty-first century experiments with
an annual 1% greenhouse gas increase. The THC weakening
is delayed by about 3040 years since the THC strengthened
during the period of the positive AO trend from years 1966 to
1995. Investigation of the behaviour of our model THC in the
twenty-first century experiments will be done in the future
and will be reported separately.
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